Abstract: This paper reports on the relationship between structure and mechanical properties of poly(methyl methacrylate) (PMMA) reinforced with randomly oriented short poly(vinyl alcohol) (PVA) fibres. Special focus was on the effect of fibre content on the impact resistance of PMMA/PVA composites. Instrumented Charpy impact tests were carried out to characterize the impact resistance of PMMA/PVA composites. Linear elastics fracture mechanics was used to determine the dynamic critical strain energy release rate (G Id ) and the critical stress intensity factor (K Id ). Fracture surfaces were observed using scanning electron microscopy (SEM). Dynamic mechanical analysis was carried out to describe the viscoelastic response of the material. Finally, the behaviour of PMMA/PVA composites was interpreted using current short-fibre composite models. It was shown that a small amount of added PVA fibres (0.42 -1.68 vol.-%) led to an increase of elastic modulus and yield stress under impact conditions. G Id was also slightly increased, but K Id remained unchanged. Good agreement was found between SEM observations and fracture toughness measured under impact loading.
Introduction
The application of polymeric materials in prosthetic dentistry [1] became important over the last 30 years. The main interest was focused on achieving the desired balance of physical properties -mainly high resistance against mechanical load, environmental effects in oral cavity and compatibility with oral tissues. These demands can be satisfied beneficially by using multi-component materials such as composites. The polymers most widespread in dentistry include methacrylate resins such as thermoplastic PMMA and thermosetting bis-GMA, TEGDMA, etc. Generally, these materials exhibit low toughness and high polymerization shrinkage; however, they possess high strength and allow a relatively easy way of processing. One can assume that adding short reinforcing fibres can enhance fracture resistance of the neat resin [2] [3] [4] [5] . This could be beneficial for applications such as denture base resins based on lightly cross-linked PMMA.
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Recently, many investigations were carried out to increase the impact toughness of PMMA matrix by adding different fibres with different length and orientation [6] [7] [8] [9] . In these works, it was shown that improvement of mechanical properties -impact toughness -is possible. However, preparation of the composites using commercial denture base resins and brittle fibres was very complicated for clinical or laboratory practice. It was speculated that using polymeric fibres will greatly improve dental laboratory handling and, moreover, these fibres will be capable of introducing new failure mechanisms not present in the neat matrix, thus enhancing its fracture resistance. This paper reports on the dynamic mechanical behaviour and impact resistance of PMMA/PVA composites. Linear elastics fracture mechanics (LEFM) was used to analyze experimental data.
Experimental part

Materials
The two-component resin system Superacryl (Dental a.s., Praha, CZ), the composition of which is shown in Tab. 1, was used for preparation of the PMMA matrix.
PVA fibres A-8 Kuralon (Kuraray Co., LTD., Japan) with length 6.0 mm, diameter d = 14.0 µm, Young's modulus E f = 36.0 GPa and strength σ f = 1.5 GPa were used as reinforcement.
Tab. 1. Superacryl composition
Powder Liquid poly(methyl methacrylate) methyl methacrylate zinc oxide pigments
Sample preparation
At first 9.5 g of high-molecular-weight PMMA (M w = 30 000) in the form of small beads was dissolved in 5 ml of MMA. Then the mixture was left about 30 min in a closed flask. After this time, the plastic dough was formed, placed into a metal die and polymerized in the pressure K+B polymeriser (Trystom, CZ) at 120°C and a pressure of 0.6 MPa for 75 min. Then, the test specimens were taken out of the form and the polymerization was finished in an oven at 90°C for 2 h. Dimensions of the sample were 5 x 5 x 50 mm 3 (width x thickness x length). Composite test specimens were prepared in a similar way. The relevant weight of PVA fibres was added to MMA and then PMMA was also added. The next steps of sample preparation were the same as for pure matrix.
Dynamic mechanical analysis (DMA)
A Dynamic Mechanical Analyzer 2980 (TA Instruments, USA) was used to measure viscoelastic properties such as glass transition temperature (T g ), storage modulus (E' ) and loss modulus (E'' ). The single cantilever beam method was used. The test specimen was equilibrated at 35°C for 1 min and then it was heated from 35 to 170°C at a heating rate of 5 °C/min. During the test, the specimen was exposed to vibrational loading with a frequency of 1 Hz and an amplitude of maximum displacement of the beam end of 10 µm. Experimental data presented were calculated as arithmetic average from 3 measurements. Standard deviation of DMA experiments was less than 5%.
Charpy impact test
The impact properties were measured utilizing the instrumented Charpy impact tester Fractovis (Ceast, SpA, Italy) according to the ISO 179 standard. Single edge-notch bending (SENB) specimens were prepared by cutting a defined notch of varying depth in a rectangular beam from the cured PVA/PMMA. Notches with initial length varying from 0.5 to 2.5 mm were introduced into the specimens using the PowerDriven Notchvis (CEAST, SpA, Italy). The notch root radius was 0.028 mm and cutting speed was 12 mm/min.
Output signals from the strain gage of the head of the instrumented tup were processed using the DAS 4000 win software (CEAST, SpA, Italy). Examination of the force-time curves was used to identify typical fracture processes and to ascribe the respective portion of the overall fracture energy to these processes. These analyses enabled to calculate the fracture mechanics data parameters, viz. critical stress intensity factor and critical strain energy release rate (K Id and G Id ). Fracture energy and maximum force from the deflection-time curve were used to calculate K Id (Eq. (1)) and G Id (Eq. (2)), respectively.
where σ is a characteristic stress, a is a characteristic crack dimension, and Y is a dimensionless constant depending on specimen geometry and mode of loading. F C is the maximum force, B is the specimen width and D the specimen thickness. The function f(a/D) characterizes the test specimen geometry for a single edge notch (SEN) [10] and Φ is a calibration factor [11, 12] .
The bending strength under impact conditions (σ d ) was calculated from the maximal affected force (F max ), sample thickness (B) and depth (D) and from the fixed supports span (L) according to Eq. (3).
Young's modulus of elasticity under impact conditions (E d ) was expressed in the form
where y is deflection [13] .
For correlation of the deformation behaviour of the materials in this study, we need the relation between deflection and bending deformation under impact conditions (ε d ). This relationship is given by Eq. (5) [14] .
Eight specimens with different starter crack were measured for every material composition, and K Id and G Id were determined as average from the acquired experimental data. Standard deviation < 15% was obtained for all materials investigated.
Scanning electron microscopy (SEM)
SEM studies were carried out using a Phillips Quanta 600 apparatus. The samples were carbon-coated in a carbon coating unit (Tesla BS 349, CZ), applying a C-layer of about 4 nm thickness. Particular care was given to the operating conditions to avoid damage of the samples during coating and observations.
Results of thermomechanical behaviour of fibre-reinforced composites (FRCs)
The thermomechanical response of PMMA as well as PMMA/PVA was derived from the curves illustrated in Fig. 1 and Fig. 2 . The storage modulus E' that indicates the elastic portion of the complex modulus increased with the volume content of PVA fibres (see Fig. 1 ). The loss modulus E'', which is related to the work dissipated within the material, exhibited only small changes with the volume content of PVA fibres suggesting there are no new molecular mechanisms capable of dissipating mechanical energy introduced by the presence of PVA fibres (see Fig 2) . The dependence of tan δ, which is used to define the relationship between loss and storage moduli, on the volume content of fibre (V f ) is shown in Fig. 3 . Generally, a high tan δ value signifies a material that demonstrates highly inelastic deformation behaviour and vice versa. In Fig. 3 , the matrix exhibited higher inelastic deformation 4 behaviour than the fibre-reinforced composites. This can suggest that the extent of molecular relaxations in the main transition interval was reduced by the presence of the fibres. In other words, there is an indication of matrix immobilization in a thin layer in the vicinity of the fibres.
The observed loss tangent trend seems to be in opposition to the fracture toughness dependence on fibre volume fraction. The lower tan δ, the lower the dissipation of mechanical energy by conformational rearrangements of the polymer chains near T g . Fig. 3 . Temperature dependence of tan δ, which characterizes the relaxation behaviour of the matrix in the main transition interval. The higher tan δ, the higher the dissipation of mechanical energy by conformational rearrangements of the polymer chains
Instrumented Charpy impact test results
The combination of instrumented Charpy impact test and the simple spring-mass model based LEFM theory was assumed a reasonable means for structural interpretation of obtained fracture toughness data. Elastic modulus, E d , and yield stress, σ d , under impact conditions were measured via high-speed bending tests. Specimen inertia effect and vibration due to wave propagation in the whole impact system plays an important role in this test [15] . These effects increased in intensity with increasing impact velocity. To minimize these effects [16] , the proper impact conditions have to be chosen. Eqs. (6) and (7) are decisive conditions to minimize inertia and bouncing effects in impact testing:
where is the experiment time and f min F t n is the own frequency of the pendulum,
where v 1 is the test velocity, F F is the estimated fracture force and Λ is the compliance of the whole loading chain.
Electrical filtering is another possibility to achieve considerable smoothening of the output signals. A Chebyshev filter was used for signal filtering. One has to be very careful in electrical filtering since an important material-related portion of the signal can be filtered out. Using mechanical as well as electrical filtering, a reasonably smooth output signal was obtained (Fig. 4) . These results confirm the higher sensitivity of G Id to the presence of a small amount of PVA fibres in comparison with K Id . Fracture toughness K Id remained unchanged. The G Id value describes the stress-strain behaviour during the failure process while K Id operates only with the stress-state at the crack tip, which was not altered by the small fibre volume fraction used. The dependence of fracture parameters on volume contents is illustrated in Fig. 5 and Fig. 6 . We tried to correlate our experimental results with the theoretical model published by Piggot, actually the model which proposes that the main role in fracture plays fibre pull-out (Eq. (8)) [2] :
where d is the fibre diameter and s is the fibre aspect ratio. This equation correlated well with experiment only in the case when V f was 0.42%, G theor was 0.9 kJ/m 2 and G Id was 0.92 kJ/m 2 . Generally, the rule of mixture (Eq. (9))
was used for a simple correlation between theoretical and experimental results. It is known that Eq. (9) is not valid, because fibre and matrix interact in a number of different ways, sometimes cooperating to increase the work of fracture, and sometimes acting oppositely. But for our case it was apparent (see Figs. 5 and 6) that the work of fracture was described relatively well using Eq. (9).
Adding PVA fibres also led to an increase of the elastic modulus and yield stress (Tab. 2). The range of PVA fibres content used in this investigation was under the critical value of V fc . From a simple theory a critical volume fraction (Eq. (10)) above which a more significant increase in toughness shall be observed is:
where σ fu and σ mu are the ultimate fibre and matrix stresses, respectively. For materials included in study, the critical fibre volume fraction was 0.07 [2] .
Microscopy results
The brittle character of fracture behaviour of PMMA as well as PMMA/PVA composites was confirmed by SEM observations of the fracture surfaces of the specimens broken in the impact tests. The failure process of the composite follows its mutual stress-strain characteristics:
(i) At the first stage the failure of matrix (Fig. 7a ).
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(ii) At the second stage the pull-out and break of PVA fibres (Fig.7b) . 
General discussion
It is apparent that adding a higher volume fraction of PVA fibres to the PMMA matrix is necessary to increase the impact toughness of the studied system. This aim can be reached using less viscous PMMA in the form of a pouring resin. The next choice how to improve the impact properties is using shorter fibres or applying some surface treatment to the fibres, which enables good adhesion between fibre and matrix.
These methods will be investigated in the next work. Also a model describing the fracture mechanism of these systems will be proposed.
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